Electrospun nanofibers of polyvinyl alcohol (PVA) have poor mechanical strength. As such their use has often been avoided, particularly in applications that require high mechanical properties. The objective of this study is to increase the mechanical properties of PVA nanofiber mats via physical crosslinking with solvent vapor treatment using organic solvents, dimethyl sulfoxide (DMSO), N, N-dimethyl formamide (DMF), and methanol. The effect of solvent vapor treatment on PVA nanofibers is clearly observed by scanning electron microscope (SEM). The tensile strength increased by over 60%, 90%, and 115% after solvent vapor treatment with DMF at a temperature of 40 C for 2 h, 4 h, and 8 h, respectively, compared to untreated PVA nanofibers. In addition, Young's modulus of PVA nanofiber mats also increased after DMF treatment. As a comparison, DMSO and methanol were also used in solvent vapor treatment because of differences in their polymersolvent affinity. Results showed that the highest improvement (100%) in mechanical strength was obtained using DMF. This study shows that solvent vapor treatment offers a simple and inexpensive method that provides excellent results and is a promising alternative treatment for use in increasing the mechanical properties of electrospun nanofibers.
Introduction
Electrospinning is a simple, reproducible, continuous, versatile, and efficient process used to fabricate long nanofibers on a large scale using a rich variety of materials. Recent studies have focused on using this technique for various applications, such as with affinity membranes, for drug release, tissue scaffolds, sensors, as protective clothing agents, and in the fields of energy, electronic devices, and composite reinforcement [1, 2, 3, 4, 5, 6] , mainly because of the remarkable properties of electrospun nanofibers, such as a small diameter, high aspect ratio, large specific surface area, and unique physical and chemical properties [7] . The polymers commonly used for fabricating the electrospun nanofiber membrane are polyvinylidene fluoride (PVDF) [8] , polysulfone (PSU) [9] , polyacrylonitrile (PAN) [10] , polyethersulfone [11] , polyamide (PA) [12] , and polyvinyl alcohol (PVA) [13, 14, 15, 16] .
However, although they have such remarkable properties, the use of nanofiber membranes in various applications has often been avoided due to their poor mechanical properties. Many methods have been developed to increase the mechanical strength of nanofiber mats, including changing non-woven fiber mats into self-bundled fiber yarns [17] and reinforcing single nanofibers with other materials [18, 19, 20, 21] , but these methods have been complex and costly. However, one approach is enhancing at junction points in the nanofiber mats by crosslinking fibers together [22, 23] , and this can be achieved in three ways: first, the mat is heated to a temperature between its glass transition and melting temperature [24, 25] ; second, the mat is treated with glutaraldehyde (GA) [26, 27, 28] , and third, solvent vapor treatment is applied [29, 30, 31] .
Recent studies have shown that solvent vapor treatment can enhance the mechanical strength of nanofiber mats without significantly changing the membrane morphology or dimensions. The solvent plays a crucial role in determining the mechanical properties of the mats [29] . In this respect, Huang et al. (2013) used solvent vapor treatment with N,N-dimethyl formamide (DMF) to improve the mechanical strength of polyacrylonitrile (PAN) and PSU nanofiber mats; results showed increases of 300% and 110% in the tensile strengths of PAN and PSU nanofiber mats, respectively [29] . In addition, 2016 Liu et al. to control the radial structural gradient [31] .
Another effect of solvent vapor treatment is to improve the electrical conductivity of the thin-film; this process is known as polar solvent vapor annealing (PVSA) treatment [32] . The most commonly used solvents in PVSA treatment include dimethyl sulfoxide (DMSO), ethylene glycol (EG), N-methyl-2-pyrrolidone (NMP), N,Ndimethyl formamide (DMF), and methanol [33, 34] . In this paper, the effect of certain different solvents commonly used in PVSA are investigated, with the aim of improving the mechanical strength of PVA nanofiber mats. Morphological, thermal, and mechanical analyzes are conducted on PVA nanofibers after solvent vapor treatment.
Materials and methods

Materials
Polyvinyl alcohol (PVA) (M w ¼ 89,000e98,000, 99% hydrolysis) obtained from SigmaeAldrich was used to prepare nanofibers. Solvents used for vapor treatment include dimethyl sulfoxide (DMSO), N, N-dimethyl formamide (DMF), and methanol, which were purchased from Merck, Germany. All materials were used as received without conducting any further purification processes.
Electrospinning nanofiber
Polyvinyl alcohol (PVA) solution was prepared by dissolving 8 wt%e15 wt% PVA polymer in distilled water and stirring for 1e2 h at a temperature of 90 C to obtain an homogeneous solution. Each solution was then transferred into a 10 mL syringe to conduct the electrospinning process, during which a DC voltage of 10 kV was applied and the tip to collector distance was set as 8 cm; the collector used in the electrospinning process was a metal plate covered with aluminum foil. The electrospinning process was conducted for 2 h to obtain a suitable nanofiber mat thickness.
Finally, mats were placed in a drying chamber for 24 h to evaporate residual solvent prior to further treatment.
Solvent vapor treatment
A schematic diagram illustrating the solvent vapor treatment used in this study is shown in Fig. 1 . Following the electrospinning process, the nanofiber mats were then cut into smaller coupons (measuring approximately 12 cm Â 3 cm) and placed on the top of a petri dish (D ¼ 12 cm). The amount of solvent used was 1.25 mL, 2.50 mL, and 5.00 mL at evaporation times of 2 h, 4 h, and 8 h, respectively; the solvent was then evaporated with a hot plate stirrer at a temperature set at 40 C. After treatment; all samples were dried in a drying chamber for 24 h to remove all solvent residual before further characterization.
Sample characterization
Scanning electron microscope (SEM)
The nanofiber morphology of samples, both as-spun and after solvent vapor treatment, was analyzed using SEM JEOL JSMÀ6510. The samples were mounted on metal stubs and sputter-coated with platinum for 70e90 s with a JEOL JECÀ3000FC auto fine coater. The average nanofiber diameter and standard deviation were determined by measuring the diameters of approximately 100 fibers using ImageJ software.
Mechanical properties
The mechanical properties of all the PVA nanofiber mats were measured before and after solvent vapor treatment using a universal testing machine (Zwick Z0.5) with a ASTM D822 standard. The mats (both before and after solvent vapor treatment)
were cut into smaller coupons measuring approximately 12 cm Â 4 cm for use in conducting mechanical tests. A minimum of three strips with lengths of 12 cm Â 4 cm were cut from each type of sample to conduct mechanic measurements with a tensile rate set at approximately 10 mm/min.
Thermal analysis
Changes in the thermal behavior of PVA nanofiber mats as a result of the crosslinking process were observed by differential scanning calorimetry (DSC) using a DSCÀ60 plus Shimadzu. For the crystallinity measurements, mats were scanned at a heating rate of 10 C/min from 50e300 C, and a sample mass of w2.0 mg was used in each experiment. The percentage of crystallinity was calculated from the heat fusion scan using Eq. (1) as 
where DH f is enthalpy associated with melting PVA, and DH 0 f is enthalpy of melting 100% crystalline PVA, which is reported in literature as 138.6 J/g [35] .
Thermal decomposition of the nanofiber mats was observed using thermogravimetric/differential thermal analysis (TG/DTA) with a DTAÀ60 from Shimadzu, with an N 2 atmosphere (flow rate ¼ 20 ml/min) in a temperature range of 50e600 C. A heating rate of 10 C/min and a sample mass of w2.0 mg were used in each experiment.
3. Results and discussion 3.1. Nanofiber morphology in the images with a solution concentration of 8 wt%e10 wt%; solutions with low concentrations tend to form rough (beaded) nanofibers. It is commonly known that polymer solutions with lower concentrations result in solutions with lower viscosities, and it is common to find beads along nanofiber mats with low viscosities.
When the viscosity of a solution increases, a gradual change occurs in the shape of the nanofiber from one that is beaded to one that is smooth, as shown in Fig. 2 . In this study, the effect of increased viscosity on nanofiber morphology is in agreement with results from other literature [36] ; when the viscosity increases, the diameter of the nanofiber also increases, as shown in Table 1 . This effect is probably caused by the solution having a greater resistance to being stretched by the charges on the jet [36] . As the viscosity increases, the polymer chain entanglement within the solution is increased, which maintains the continuity of the electrospinning jet during the process. In addition, when the viscosity increases, the charge on the electrospinning jet can fully stretch the solution with solvent molecules distributed among the polymer chains, which thus increases the nanofiber diameter. A smooth (without beads) and continuous nanofiber with a relatively homogenous nanofiber diameter begins to emerge at a solution concentration of 11 wt%e15 wt%. Increased concentration means that the viscosity of the solution is strong enough to discourage bending instability to set in for a long distance as it emerges from the tip of the needle; the jet path is then reduced and bending instability spreads over a smaller area. This reduced jet path also means less stretching of the solution, thereby resulting in fibers with larger diameters [36] . From the nanofiber results shown in Fig. 2 and Table 1 , the authors decided to use a solution concentration of 12 wt% for further study with nanofibers, based on the larger diameter and broader deposition area achieved than with other concentrations.
Effect of solvent vapor treatment
Effect of treatment time
The morphologies of PVA nanofiber mats after treatment with various solvents and treatment times are shown in Fig. 3 . The results indicate that changes in the morphology and conformation occur after solvent vapor treatment, and change to the morphology of PVA nanofiber mats begins when the mats are exposed to all solvents for 2 h. The most significant morphological changes are clearly observed in the SEM image of PVA nanofiber mats after exposure to solvent vapor for 8 h, especially for DMF and DMSO treatments. These phenomena occur due to massive swelling of the PVA nanofiber caused by the high polymer-solvent affinity and the vapor amount absorbed to the PVA nanofiber (this relationship is explained in greater detail in the discussion section). Another event clearly observed is that the nanofiber appears to form physical bonding and fusion at junction points (cross-links); this phenomenon occurs because the solvent can condense at these junctions and slightly dissolves the polymer to facilitate fusion.
The increase in exposure time affects the amount of vapor that can condense at the nanofiber junction point; this amount condenses and fuses at nanofibers junctions in relation to an increase in both tensile strength and Young's modulus. The thickness of mats was also found to decrease after solvent vapor treatment: a thickness of approximately 100e200 mm prior to solvent vapor treatment and below 100 mm following treatment. This decrease in nanofiber thickness is due to the increasing density of the nanofiber mats in relation to nanofibers fusing at the junction points.
Furthermore, the nanofiber mats were also seen to shrink slightly after vapor treatment, and this effect was most often observed with nanofibers at an evaporation increased by over 60%, 90%, and 115% after treatment with DMR at a temperature of 40 C for 2 h, 4 h, and 8 h, respectively. In addition, Young's modulus was also increased by 36%, 66%, and 100% after treatment with DMF for 2 h, 4 h, and 8 h, respectively.
The mechanical properties of cross-linked nanofiber mats after treatment can be correlated with the SEM image shown in Fig. 3 , where the gradual increase in modulus and tensile property of the mats is associated with solvent-induced fusion at nanofiber junction points [29, 32] ; the condensation of vapor during posttreatment resulted in fusion between interefiber contacts in the mats. With an increase in exposure time, the amount of vapor that can induce nanofiber junctions is also increased, and when a greater number of nanofiber junctions are induced by the solvent vapor their mechanical properties increase. However, if too many nanofiber junctions are induced by the solvent vapor, damage can occur to the nanofiber structure; it is therefore crucial to determine the optimum balance between the structure and the mechanical properties of PVA nanofiber after vapor treatment. It was also found that after evaporating PVA nanofiber for 8 h with DMSO, the nanofiber became slightly transparent due to the excessive amount of vapor, causing the nanofiber structure to become an ordinary film.
Based on mechanical properties and morphological structure, the PVA nanofiber mats with exposure times of 4 h, which showed a good improvement in mechanical properties and a stable structure, were chosen for further characterization. For convenience, the abbreviations PVA-NF-DMF treated, PVA-NF-methanol treated, and PVA-NF-DMSO treated are used to refer to nanofiber after solvent vapor treatment at a temperature of 40 C for 4 h with DMF, methanol, and DMSO, respectively. 
Effect of solvent type
A comparison between the morphologies of PVA nanofiber mats after treatment with different solvents is shown in Fig. 5(aed) . Changes in morphology after treatment are clearly seen in the SEM image. PVA-NF-DMF treated mats show more intrafiber bonding than other samples, which is the main reason for the superior improvement in mechanical properties, as shown in Fig. 5(e) . These results are expected due to the high polymer-solvent affinity between PVA and DMF compared to the other treatments. Materials with similar Hansen Solubility Parameters have high affinities with each other [37] . The affinity between a polymer and a solvent is determined by their relative energy dispersion (RED), which is the ratio between solubility parameter distance (R a ) and the interaction radius (R 0 ) of the polymer. The solubility parameter distance can be calculated with the equation developed by Hansen and Skaarup (1967) [37] and is shown in Eq. (2),
where d D is the density parameter of the dispersion interaction, d P is the density parameter of polar cohesive energy, and d H is the density parameter of the electron exchange parameter. Furthermore, the interaction radius (R 0 ) of PVA is reported in literature as being approximately 10.5 MPa 0.5 [37] .
The RED of polymers and solvents used in this study are listed in Table 2 , where RED ¼ 0 means no energy difference, RED less than 1 indicates high affinity, and RED greater than 1 indicates a progressively lower affinity. PVAeDMF has a higher affinity compared to PVAÀDMSO and PVAÀMethanol; thus, the crosslinked effect is more significant. The polymer-solvent affinity value decreases from PVAÀDMF to PVAÀDMSO and PVAÀMethanol in agreement with the increase in mechanical properties and changes in nanofiber morphology. Table 2 also lists the evaporation rate of the solvent at a temperature of 40 C. Methanol has a higher evaporation rate than DMF and DMSO, which shows that more methanol molecules evaporate than DMF and DMSO during the same time and at the same temperature. However, the increase in mechanical strength and changes in morphology are less significant, because PVA-methanol has a lower affinity than DMSO and DMF. [37] . b Based on volume solvent used in this study: 1.25 mL for 2 h, 2.50 mL for 4h, and 5.00 mL for 8h at a temperature of 40 C.
The effect of the various solvent types on increasing the tensile strength and Young's modulus are shown in Fig. 5(e) . All the vapor solvents clearly improved the mechanical strength of PVA nanofiber but to different degrees. This result relates to the previous explanation about polymeresolvent affinity. The tensile strength of PVA nanofiber mats was increased by over 90%, 75%, and 50% after exposure at a temperature of 40 C for 4 h with DMF, DMSO, and Methanol, respectively. In addition, the Young's modulus of PVA nanofiber mats was also increased by over 67%, 45%, and 40% after exposure with DMF, DMSO, and Methanol, respectively. It is very evident that the sample treated with DMF vapor shows the highest improvement in both tensile strength and Young's modulus. This result can be seen in the SEM image in Fig. 5(aed) where morphological changes are more significant than those with other samples.
Thermal analysis
TGA/DTA analysis was used to determine the influence of solvents on the thermal stability of PVA nanofiber mats. Fig. 6 (a) shows TGA/DTA curves of the mats before treatment at a heating rate of 10 C/min. Four decompositional stages are clearly evident on the DTA/TGA curve; the first occurs at a temperature of 62e127 C with an endothermic peak at 102 C that corresponds to moisture (removal of absorbed water molecules) in the sample; the second occurs at a temperature of 217e240 C with an endothermic peak at 226 C due to melting of the sample; and weight loss occurs in the third stage at a temperature of 240e360 C with an exothermic peak at 360 C, due to degradation of the polymer structure. In the final stage, the nanofiber mats decompose into carbon oxide and volatile hydrocarbons at a temperature above 360 C with an exothermic peak at 427 C. This result is in agreement with the experiment conducted by Es-Saheb et al. (2014) [24] . DSC is a valuable technique used to investigate the curing reaction of cross-linked polymers. Fig. 7 shows DSC thermograms over a temperature range of 50e300 C for PVA nanofiber mats, both before and after solvent vapor treatments. As shown in Methanol, and DMSO treatments, respectively, and is related to moisture evaporation from the samples. The second endothermic peaks appears at around 229 C for all samples and is the melting transition of PVA. This is in good agreement with the TGA result shown in Fig. 6 . Table 3 shows the thermal properties of nanofiber PVA both before and after solvent vapor treatment.
The glass transition temperatures of the PVA nanofiber before and after vapor treatment are shown in Table 3 . The value was decreased from 88.5 C for the untreated sample to 63.5 C, 78.0 C, and 55.0 C, for DMF, methanol, and DMSO treatments, respectively. Other studies have stated that the decrease in the glass transition temperature is due to plasticizing of the solvent [38, 39] : solvents plasticize the nanofibers, making them more flexible and enhancing fusion at fiber junction points and solvent vapor treatment increases the rigidity of the membrane even though fibers plasticize [29] . Table 3 shows that DSC crystallinity of the samples decreased after treatment, which indicates that the sample became more amorphous. DSC crystallinity of nanofiber mats was calculated using Eq. (1), based on the DSC curve shown in Fig. 7 . In recent studies, DSC crystallinity calculation has largely been used to validate X-ray diffraction (XRD) results [40, 41] . The authors' previous study [25] showed that PVA nanofiber has a low degree of crystallinity, and this agrees with XRD results. Low crystalline polymers (amorphous) usually have transparent properties, and the crosslinking of PVA nanofiber mats with the vapor treatment make the nanofibers more transparent due to excessive melting and the plasticizing role of the solvents. However, higher crystalline polymers usually have higher mechanical properties due to their ordered structure [42, 43] . A polymer with highly ordered crystallites has fewer boundary crystals (defects), which cause a decrease in mechanical properties. However, in this study, the higher crystalline (DSC crystallinity) sample has a lower mechanical strength with respect to the increase in nanofiber density from solvent vapor treatment. The mechanical properties of the membrane depend on its density and its ordered structure. When solvent vapor treatment was conducted, the density of the nanofiber increased, thereby causing an increase in the tensile strength and Young's modulus. Therefore, the change in crystallinity has a less significant effect compared to modification of the nanofiber density; therefore, the tensile strength and Young's modulus of PVA nanofiber mats are increased.
Conclusions
The effect of solvent vapor treatment on nanofiber PVA was clearly observed using scanning electron microscope (SEM). Vapor solvent affects nanofiber morphology by producing solvent-induced fusion at nanofiber junction points, which forms physical cross-links in nanofiber mats, thereby increasing the mechanical properties of the nanofiber. Both the tensile strength and Young's modulus of PVA nanofiber mats increased after solvent vapor treatment with all the solvents used in this study. The effect of DMF vapor was the most significant in increasing the mechanical properties of PVA nanofiber, due to the higher polymer-solvent affinity compared to the other solvents. Results show that solvent vapor treatment can be employed as a promising alternative treatment to increase the mechanical properties of electrospun nanofibers.
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